We investigated the potential magnitude and duration of forest evapotranspiration (ET) decreases resulting from forest-thinning treatments and wildfire in west-slope watersheds of the Sierra Nevada range in California, USA, using a robust empirical relation between Landsat-derived mean-annual normalized difference vegetation ) generated more than twice the ET reduction per unit area than those in the higher and drier Kings River basin (4,790 km 2 ), corresponding to greater water and energy limitations in the latter and greater fire severity in the former. A rough extrapolation of these results to the entire American River watershed suggests that ET reductions due to forest thinning by wildfire could approach 10% of full natural flows for dry years and 5% over all years.
underburn treatments resulted in no significant change in ET. Examining the cumulative impact of wildfires on ET between 1990 and 2008, we found that the lower and wetter American River basin (5,310 km 2 ) generated more than twice the ET reduction per unit area than those in the higher and drier Kings River basin (4,790 km 2 ), corresponding to greater water and energy limitations in the latter and greater fire severity in the former. A rough extrapolation of these results to the entire American River watershed suggests that ET reductions due to forest thinning by wildfire could approach 10% of full natural flows for dry years and 5% over all years.
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| INTRODUCTION
Many western forests are overstocked with live trees, a legacy of successful fire-exclusion policies since the 1920s (Agee & Skinner, 2005; Miller et al., 2012) . In areas where fire previously burned every decade or two, forests transitioned from mosaics of forested stands and open areas, to areas of continuous canopy cover (Collins, Everett, & Stephens, 2011; Scholl & Taylor, 2010; Taylor, 2004) . This, in turn, has led to increased susceptibility to stand-replacing fires, disease and insect attacks, and increased mortality (Allen, 2007) . Implementing a policy of forest thinning using both mechanical treatments and management fire will be essential to managing for ecosystem resilience to climate warming , including reduced fire risk and potential changes in water yield (Hopkinson & Battles, 2015; Troendle, Nankervis, & Peavy, 2007) .
The multi-year California drought that began in fall 2011 highlighted the need to re-examine earlier estimates of water consumption by overstocked forests versus less-dense and healthier forests (e.g., Huff, Hargrove, Tharp, & Graham, 2000; Kattelmann, Berg,
The contributions of these authors to this article were prepared as part of their official duties as United States Federal Government employees. & Rector, 1983) . There is substantial consensus that forest thinning above a certain threshold reduces evapotranspiration (ET) and increases run-off. Bosch and Hewlett (1982) , Stednick (1996) , and Brown, Zhang, McMahon, Western, and Vertessy (2005) demonstrated that changes in forest density of greater than approximately 20% cause measureable changes in forest water balance. Interpreting the results of such experiments has been hindered by limited treatment extents compared to the large adjacent untreated watershed area tributary to the same run-off measurement. Other challenges included a lack of repeat or follow-up treatments such as underburns to sustain the impact of the initial treatment by limiting understory growth and reducing the seed bank of trees and shrubs. And finally, because many studies depend on reference watersheds, the adequacy of matched watersheds is a substantial source of uncertainty when interpreting results.
Relating ET magnitude and its temporal trend to measures of forest change due to fire or mechanical treatment such as leaf area index, canopy cover, and basal area provides a powerful tool for evaluating ET change at broad scales (e.g., Vanderhoof & Williams, 2015) as well as providing a means of estimating benefits to forest health such as improved water availability for trees or instream flows. The recent Sierra Nevada Adaptive Management Project (SNAMP) project is a good example of such an endeavour, though limited treatment areas confounded by drought in 2012-2016 narrowed the conclusions that could be definitively drawn from this research (Fry, Battles, Collins, & Stephens, 2015) . Headwater-catchment modelling results extending from this work suggest that run-off in the Central Sierra Nevada could be increased by 12% over 20 years with vegetation thinning by 8%, and over 50% if fire reduced vegetation by 40% (Conklin, Bales, Saksa, Martin, & Ray, 2015; Saksa, Conklin, Battles, Tague, & Bales, 2017) . A complementary approach to estimating change in forest ET is to use remotely sensed information to calculate ET directly (Mu, Zhao, & Running, 2011) or indirectly using vegetation indices as they relate to measured ET (Goulden et al., 2012) .
Data-driven remote-sensing measurements of forest ET provide a valuable means of quantifying temporal and spatial variability before and following forest-canopy thinning. Goulden et al. (2012) demonstrated a high correlation between annual ET and annual average of the Moderate Resolution MODIS satellite-derived normalized differenced vegetation index (NDVI); and this relationship also compared favourably with annual mass-balance estimates at the river basin scale (precipitation minus run-off) at an annual resolution. A second important outcome of this work was the demonstration that ET variability is substantially less than precipitation and run-off, arguing that changes in ET are driven largely by changes in vegetation. This method of calculating ET is particularly powerful because it does not require additional parameters such as soil properties and moisture as with many mechanistic models, which are often not available at broad scales. Given that the methods of Goulden et al. (2012) and the subsequent application (Goulden & Bales, 2014) provide a robust means of estimating ET in the Sierra Nevada, we sought to analyse temporal and spatial variability of ET change in areas of known forest disturbance.
In this paper, we first estimated changes in forest water use due to changes in forest density caused by mechanical treatment or wildfire at the plot or individual fire scale and then examined the cumulative potential impacts of wildfires on ET at the watershed scale. We determined magnitude and duration of ET change after forest treatments and fire across a range of elevations and latitudes within California's Sierra Nevada. We focused on two primary research ques- 
| METHODS
The study area encompasses the central Sierra Nevada, including the lower elevation, wetter and warmer American River basin; the higher elevation, drier and colder Kings River basin (southern Sierra Nevada); and forest-treatment areas between these watersheds (Figure 1 ). We focused on four treatment areas ( Figure 1a ,b,c), as well as burned and unburned areas over the entire American and Kings River watersheds during the 1990-2008 period (Figure 1a, d, e) . We examined NDVI change, measured using Landsat surface-reflectance data, and subsequently calculated ET as described in the following paragraphs.
In order to estimate ET changes at the forest-patch scale (1-100 ha), to potential changes to the forest structure due to thinning or fire as well as whether this occurred in association with drought conditions. We calculated annual mean NDVI from the complete collection of U.S. Geological Survey Landsat Surface Reflectance data (Masek et al., 2006) for the water years of interest following these steps:
1. Determine mean NDVI value in the area of interest for each date. Smoothing and month centring reduced the impact of the discontinuous availability of Landsat data due to its 8-and 16-day overpass frequency and excluded data during winter due to clouds and snow. and an expanded region of the fire that illustrates the 90-m polygon mesh used to sample Landsat NDVI imagery, and (e) NDVI change of Choke Fire between July 24, 1996 and July 30, 1998
We used a similar process for determining annual NDVI in forest--treatment plots and burned areas, as described in the following paragraphs.
We (Table S1 ). Last Chance treatments burned by the 2013 American fire were excluded from analysis because our focus was on the effect of treatments. For each treatment, we estimated NDVI change by averaging the 5 years prior to treatment and comparing this to the 5 years post-treatment for treated and control units. The significance of the observed change was determined using the assessment of before-after control impact (Stewart-Oaten, Murdoch, & Parker, 1986) as applied by Fry et al., 2015 . This entailed a two-way analysis of variance on treated and control plots before and after treatment with change detection determined by the interaction between treatment type and before-after classification at the 95% confidence level (Smith, 2002) . Change detection on control plots before and after treatment was determined using a two-sample paired t test. In order to characterize the general climate for the region, we calculated mean water-year precipitation and temperature using the monthly 4-km resolution PRISM data (PRISM Climate Group, 2012). The averaging area covered the full latitude range of our study sites and included the American, Mokelumne, Stanislaus, Tuolumne, Merced, San Joaquin, and Kings watersheds above their Sierra-foothill dams.
We examined the role of fire on ET change by using fire-severity data and estimated changes in canopy cover and basal area from the United States Forest Service Monitoring Trends in Burn Severity (Eidenshink et al., 2007; http was excluded from analysis because mean annual NDVI could include both burned and unburned conditions. We characterized fire severity using the 1-year postfire classification rather than the immediate postfire classification to better capture fire effects on vegetation including delayed mortality (Miller & Thode, 2007) . Each burned polygon was additionally attributed with an area-weighted estimate of basal-area and canopy-cover change from Miller et al. (2009) .
The magnitude and trend of ET change was estimated for fire and forest treatment areas using the regression equation in Figure 2 . To account for postfire interannual variability, we used the following equation:
where ET in unburned areas was determined as the mean of all unburned polygons in the watershed within 250 m in elevation of the target burned polygon. In this way, ET change was calculated for each water year and then averaged for subsequent analysis. In order to estimate post-impact ET, we subtracted ET change determined using the used, see Goulden et al. (2012) areas was averaged each year to calculate the influence of forest fire on basin-wide ET with respect to mean annual run-off.
| RESULTS

| Forest treatments
Two intensively thinned compartments at Blodgett Forest (basal-area reductions of 68% and 45%) showed NDVI changes that were readily evident ( Figure 3a) ; however, the statistical significance of these changes could not be evaluated due to the small sample size. Moderate thinning (change in basal area = 27%) at Blodgett resulted in an NDVI change that barely exceeded the standard deviation of control plots and was non-significant at the α = 0.05 level (Table S1 ).
The highly productive STEF sites exhibited a large and statistically significant change in NDVI accompanying basal-area reductions of 41-46% across all treatments, except on those plots treated with only an underburn (Figures 2b and 3b ). Control plots with an underburn treatment changed less than did control plots that received no treatment, associated with a change in basal area of +5% for control-only versus +0.6% for control-plus-underburn plots. It should also be noted that all STEF plots exhibited a drop in NDVI that was similar in magnitude to that observed in the treatment plots during an extended period of lower-than-average precipitation in the late 1980s and early 1990s. 
| Forest fire
Figure 4a depicts a typical forest-fire NDVI time series and Figure 4b shows change in NDVI distribution before the fire and during recovery for both burned and adjacent unburned areas. Areas with a burn severity classified as low or none changed little; some of these areas were bare rock and soil, and the low severity reflected a low initial vegetation density. Similarly, the broader NDVI distribution and smaller median value of unburned versus prefire areas (Figure 4b ) indicates more heterogeneous and lower forest densities in areas that did not burn. The overall change in NDVI of approximately 0.13 units in the year following fire corresponded with a change in basal area of 51% over the area of the Choke fire (Table S2) . Decreased NDVI persisted for over 10 years across much of the fire area. As with the forest-treatment data, substantial drought effects were apparent in 2015-2016. 
| Key controls on ET decline and associated uncertainties
The full impact of fire or mechanical disturbance on ET may be esti- Central to the utility of methods introduced here is the assumption that forest disturbance and resulting changes in NDVI translate to changes in ET of similar relative magnitude to those observed at flux tower sites. Ongoing observations and drought-induced forest mortality at these and other sites suggest that this is the case (Figure 2 ; Bales et al., 2018) . Future analyses should consider effects of drought, which tend to reduce ET for a given NDVI level.
Moreover, the regression in Figure 2 underestimates ET in higher productivity forests, which tend also to be the areas of highest management concern due to over stocking and fire risk, as well as species recovery. These middle-elevation mixed-conifer forests are also where forest thinning may have the greatest impact on ET (e.g., Figure 6 ). Changes in the ET-NDVI relation due to forest fire and forest management will require further experimental data, particularly as forest densities recover to pre-suppression-era densities, with fewer and larger trees.
A limitation to this work was the lack of readily available highquality forest-treatment data that span the range of forest types, Tables S2 and S3 . ET = evapotranspiration additional work will be required to obtain exact treatment dates as well as pretreatment and post-treatment forest-density metrics. Data for forest fires are much more complete and available, providing a solid basis for future analyses of this type. Indeed, given that approximately 75% of the forested landscape in the Sierra Nevada may be treated only by fire , it will be critical to estimate the further effects of more-extensive managed fire on ET.
| Patterns of ET decline with fire and management
Changes in NDVI and thus ET of Sierra conifer forests following thinning or fire were observed to be consistent with changes in forest density indicated by basal area and canopy cover. Among forest treatments, the smallest detected change in NDVI was −0.088 units in the STEF evenly thinned unburned treatment areas (Table S1 ). Tractor thinning at Last Chance yielded an NDVI change of −0.102 units, but thinning of a similar or larger magnitude at Sugar Pine yielded no significant NDVI change (Table S1 ), likely the result of canopy retention greater than 60%, in adherence with the Pacific-fisher conservation strategy (Fry et al., 2015) . Mastication treatments at Last
Chance may have produced significant changes in NDVI assuming they occurred in 2008 (Figure 3d ). However, information about the timing of those treatments was lacking, and by 2013 there was no longer a significant difference from prior to 2008.
The duration of NDVI change following treatment lasted longer for both more-intensively thinned areas (Blodgett) as well as those treatments that were subsequently burned after thinning (STEF).
While measured basal area and canopy cover appeared to be correlated with annual mean NDVI for the year of measurement in treated and control areas, the additional data and analyses required to elucidate these relations were beyond the scope of the study. More detailed information is needed about treatments (e.g., thin from below or above, canopy retention, or removal) to more-rigorously explore relationships between treatment characteristics and ET change.
The magnitude and duration of NDVI change due to forest fire Differences between prefire and postfire 5-year ET remained roughly consistent for the entire range of elevations burned during the study period in the American. Given little energy limitation (Goulden & Bales, 2014) , ET decline from 1,000 to 2,000 m must be driven primarily by decreasing forest density. Postfire, however, there may also be a contribution due to faster recovery rates at lower elevation offsetting greater initial decreases in ET following disturbance. In contrast, small differences between prefire and postfire ET above 2,700 m in the Kings indicate increasing energy limitation and low vegetation density.
Most ET reduction in the American was driven by large 7,000- 
| Next steps
Research questions stimulated by this initial investigation may be grouped into three areas. First, there is a need to further evaluate factors affecting the relation between NDVI or remotely sensed indices and ET at measurement locations. This may include examining the impact of seasonal and interannual temperature and precipitation patterns on the correlation, as well as the sensitivity of the correlation to changes in forest density or thinning characteristics. Second, we require better estimates of recovery rate and how this varies by treatment type and intensity as well as elevation, latitude, and climate in order to scale measures of forest density with observed NDVI across the region. Third, there exists the potential to predict forest response to treatments and disturbance, particularly in areas where there has been a fundamental shift in vegetation type due to disturbance and climate change. Potential areas of investigation include estimating ET and CO 2 flux variation during forest succession following disturbance and, using space-for-time substitution, predicting forest trajectories under different climate regimes with associated management implications.
| CONCLUSIONS
There are many potential benefits to reducing the forest overstocking that has occurred with fire exclusion, including the potential ET reductions explored in this paper. Here, we have identified that for NDVI values around 0.7, changes of 0.2-0.3 units can occur in highfire-severity burn areas, corresponding to declines in ET from 800 to 280-450 mm/year. The potential ET change peaks in middle elevations around 1,000-2,000 m. Estimated ET reductions due to forest treatment ranged from 153 mm at the minimum detection limit for NDVI change (0.09 units) to over 300 mm in the intensive thinning units in the Blodgett Forest. Intensive thinning in Blodgett and the STEFs was similar in magnitude to moderate-and high-severity fire, particularly in the American River basin. Returning fire to areas that once burned frequently has the potential to reduce forest ET by approximately 5% of full natural outflows from the American and Kings River watersheds.
